Introduction
Ultraviolet photodetectors (UV−PDs) have attracted much at− tention due to their applications in solar astronomy, missile plume detection, space−to−space transmission and sterilization monitors [1] [2] [3] [4] . Much work on UV−PDs has been centred on inorganic semiconductors with wide band gap such as GaN, SiC and ZnO [5] [6] [7] . Recently, organic UV−PDs have achieved rapid progress due to their unique merits of simple fabrication processes, light weight, low cost and compatibility with flexi− ble substrates compared to their inorganic counterparts [8] [9] [10] [11] [12] [13] . Presently, the studies about organic UV−PDs were prevailingly concentrated on small molecular materials [14] [15] [16] [17] [18] [19] . For in− stance, organic UV−PD with a peak responsivity of 30 mA/W based on N,N'−diphenyl−N,N'−bis(3−methylphenyl)−(1,10 −bi− phenyl)−4,40−dia−mine (TPD) and tris−(8−hydroxyquinoline) aluminum(Alq 3 ) was reported [14] , but its responsivity was very low probably owing to strong luminescence of Alq 3 as the acceptor and disadvantageous highest occupied molecular or− bital (HOMO) and lowest unoccupied molecular orbital (LUMO) level alignment of the donor (D)/acceptor (A) pair. Similarly, PD based on 1,3,5−tris(N−phenylbenzimidazol−2−yl) −benzene (TPBi) only manifested a moderate photoresponse of 135 mA/W ascribed to high exciplex emission and photo− current saturation at low reverse bias [15] . In addition, highly efficient UV−PD with a peak photoresponse of 872 mA/W at −12V was achieved by selecting m−MTDATA and 4,7−diphen− yl−1,10−phenanthroline−(bathophenanthroline) (Bphen) as D and A materials. This value is the best reported for organic UV−PDs [19] . These accomplishments in organic UV−PDs mentioned above centred around fluorescent materials [14] [15] [16] 19] and little attention has been paid to phosphorescent mate− rials [20, 21] . In this paper, we utilized m−MTDATA as electron donor, two phosphorescent Cu(I) complexes, CuDP and CuBP as electron acceptors to fabricate highly sensitive UV−PDs. 
Experimental details
All devices were fabricated on cleaned indium tin oxide (ITO) coated glass substrates with a sheet resistance of 25 W/sq, and the substrates were treated by UV ozone in a chamber for 10 min after solvent cleaning. The organic films were thermally evaporated in high vacuum (<10 −6 Torr) by using previously calibrated quartz crystal monitors to determine the deposition rate and the film thickness. The organic layers were deposited at a rate of 2 /s. The evapo− rating rate of LiF and Al cathode were controlled to be 0.5 and 10 /s with the thickness of 10 and 2000 , respec− tively. A 365 nm UV light with a power of 1.75 mW/cm 2 was employed to illuminate the PDs at zero bias and various reverse biases. Absorption and photoluminescence (PL) spectra of the neat and the blend organic films on quartz substrates were measured with a Shimadzu UV−3101 PC spectrophotometer and a Hitachi F−4500 spectrophotome− ter, respectively. Current density−voltage (J−V) characteris− tics of active area of 2 mm×3 mm based UV−PDs were re− corded in darkness and under illumination of 365 nm UV light with different intensities through the ITO side by using a programmable Keithley mode 2601 power source. All the measurements were performed at room temperature under ambient conditions.
Results and discussion

Chemical structures of Cu(I) complexes and UV-PDs with relative alignment of energy levels
The molecular structures of Cu(I) complexes used in this study and the schematic energy level diagram of the UV− PDs are shown in Fig. 1 . m−MTDATA and Cu(I) complexes are used as D and A, respectively. The data of energy levels of m−MTDATA was cited from literature [22] . Relative alignment of energy levels of Cu(I) complexes was esti− mated from results of cyclic voltammetry and absorption spectroscopy. About 1 nm LiF was used as the complex cathode with Al to increase the performance of device [23, 24] . tors and exhibit relative higher HOMO energy levels of 5.6 and 5.7 eV compared to that of CBP (6.0 eV) [25] . So, we attribute these green emissions of blend films based on Cu(I) complexes and CBP or m−MTDATA to pure Cu com− plexes. From Fig. 3 we can also see that PL spectra of m−MTDATA:Cu(I) complexes blend films only include emissions from m−MTDATA and Cu(I) complexes, with no emission of exciplex. This would be favourable for increas− ing the photocurrent of device owing to a competitive pro− cess between exciplex formation and photo−generated free charge carriers [26, 27] . In addition, the weak emission of m−MTDATA doped with Cu(I) complexes compared to that of its pristine film indicates efficient PL quenching of m−MTDATA by Cu(I) complexes and efficient electron transfer from m−MTDATA to Cu(I) complexes occurred. It can be noted that the maximum photoresponse of device is much higher than those of GaN (150 mA/W) and SiC (120 mA/W) based inorganic UV−PDs [28, 29] . There exists an optimized blend layer thickness for UV−PDs as a result of trade−off between absorption efficiency, dissocia− tion interface area and free charge carrier recombination. As thickness of the mixed layer increasing, absorption effi− ciency and contact area between m−MTDATA and Cu(I) complexes molecules increase, resulting in the higher pho− toresponse. However, as the thickness of the blend layer fur− ther increases, the photoresponse decreases. The findings can also be understood as follows. In the mixing configura− tion, since separated electrons and holes transport through the same medium in opposite directions on their way toward collection electrodes, there are more chances for carriers to recombine, when this occurs, some free carriers will be lost and do not contribute to the photocurrent, thus degrade the PDs performance. Furthermore, excessive thickness will be adverse for electron and hole transporting to their respective electrodes and lead to an inferior PD performance.
The investigation of absorption and PL spectra
Performances of UV-PDs
The high response of UV−PDs based on CuBP could be elucidated as follows. First of all m−MTDATA is a well− −known effective D material with a very low HOMO level, high hole mobility of 3×10 -5 cm 2 /(V·s) [30] and it forms an ohmic contact with ITO which could facilitate the hole transport and collection by the anode. Second, the large energy offset between the LUMO levels of m−MTDATA and CuBP conduces to exciton dissociation. Furthermore, in such a blend structure, the efficient exciton dissociation and charge−carrier generation occurs throughout the blend layer as well as at the interfaces between the mixed and two adja− cent homogeneous layers. Thus, excitons possess higher probability reaching a nearby D/A interface prior to recom− bination. Last but not the least, the efficient PL quenching would contribute to increase the photocurrent of devices. In addition, PDs based on CuBP exhibit superior performance to those based on CuDP. This could be attributed to well−conjugated ligand DPEbenz which favors p-p stacking interaction between CuBP molecules and facilitate electron transport.
Conclusions
We demonstrate highly efficient UV−PDs based on two Cu(I) complexes. Under an illumination of 365 nm UV light with an intensity of 1.75 mW/cm 2 , the optimized PD based on CuBP presents a peak photoresponse of 276 mA/W. The excellent performance of PDs can be ascribed to feasible energy alignment, efficient electron transfer and appropriate device design. We believe this study can be a promising alternative for the fabrication of low−cost UV−PDs.
